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Abstract 
HNBR was analyzed following low temperature storage (between 0°C and -50°C) in order to 
measure the effects of cold crystallization during exposure close to, and below, the glass 
transition temperature (Tg).  Differential scanning calorimetry (DSC), dynamic mechanical 
thermal analysis (DMTA) and hardness testing were performed to measure the changes in 
melting enthalpy, shear stiffness and hardness as a result of low temperature exposure.  An 
increase in crystallinity was measured even when the HNBR was held well below the Tg of 
the HNBR.  Although the degree of crystallinity due to low temperature exposure is estimated 
to be quite small, a significant increase in hardness was seen after 24 hours exposure.  The 
changes in properties due to the presence of "microcrystalline" regions are especially relevant 
for permanently low temperature applications, since the material properties over longer 
timescales at low temperatures may deviate significantly from the material properties 
measured immediately after cooling.    
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1. Introduction 
Hydrogenated nitrile butadiene rubber (HNBR) [1] is widely used as a sealing material for oil 
field applications, mainly due to its excellent mechanical and chemical resistance and stability 
at high temperatures, combined with flexibility at low temperatures [2-8].  This combination 
makes HNBR suitable for use in oil and gas production applications, especially in the arctic 
environment.  As with most elastomers, commercial HNBR compounds comprise a polymer 
component, in this case a terpolymer as shown simplistically in Figure 1, together with 
various curing agents, stabilizers and processing aids.  Elastomers in commercial applications 
are also usually compounded with fillers such as carbon black, silica or clays to improve their 
mechanical properties or simply to reduce the total cost of the compound [9].   
HNBR elastomers are polymerized with different ratios of acrylonitrile to butadiene groups, 
z:(x + y) [10], as shown in Figure 1. Hydrogenation of the butadiene groups (x) to 
tetramethylene groups (y) is performed mainly to improve the resistance of the HNBR to 
thermal degradation.  If fully hydrogenated, the copolymer would consist only of sequences of 
acrylonitrile (z) and tetramethylene (y) monomers, although absolute hydrogenation is 
difficult to achieve in practice.  The acrylonitrile (ACN) content (z) determines the low 
temperature performance of the compound and the resistance to swelling in organic liquids; 
commercial HNBR elastomers typically have an ACN content in the range 17 to 50 %.   
 
Figure 1.  Simplified model of the structure of HNBR [9].  The ratio x:y indicating degree of 
saturation (residual double bonds), and z:(x + y) indicating the acrylonitrile content. Structures such as 
cis- and trans-isomers, pendant ethyl groups and chain branching are likely to also be present in 
HNBRs, but these are not shown in this simplified model. 
 
Polymers with sufficient molecular regularity (such as polyethylene) readily crystallize if they 
have enough mobility, for example when cooling from a melt.  Even though the gross 
molecular mobility of many elastomers is limited by the presence of crosslinks [11], many 
also have the potential to crystallize, and it is well known that elastomers such as natural 
rubber and polybutadiene can form crystalline regions when deformed, which is known as 
strain (or stretch) induced crystallization (SIC) [12-16].  Some HNBRs may also become 
crystalline under certain conditions.  However, since HNBR is a terpolymer of butadiene, 
tetramethylene and ACN, the combination of these different groups can disrupt the regularity 
of the HNBR molecule and impede crystallization.  The tetramethylene monomer in HNBR 
(which is also the monomer unit of polyethylene) can crystallize, and so crystallinity would be 
expected if enough adjacent tetramethylene regions were present in HNBR.  For example, 
Kobatake et al. suggest that a minimum of only 5 adjacent tetramethylene groups are required 
for SIC in the HNBR that they studied [17], although the minimum number of tetramethylene 
groups required would also likely be affected by the ACN content.  Various studies have been 
performed describing the effects of ACN on the crystallinity of HNBR [18], including Braun 
et al. who reported that ACN contents between 30 and 40 % yield HNBRs with amorphous 
structures [19].  At higher ACN contents (> ca. 40 %), crystallization is reported possible and 
attributed to the regularity of alternating ACN and tetramethylene groups.  Conversely, at 
lower ACN contents (< ca. 30 %), the crystallization is attributed to long chains of adjacent 
tetramethylene groups [4, 20].  Since molecular regularity is a prerequisite for the formation 
of crystalline regions, it has been shown that crystallization can also be impeded by the 
addition of side groups to the HNBR [4, 11, 17].  
The quantification of crystallinity in an elastomer is important because mechanical properties 
such as stiffness can be very sensitive to the presence of crystallinity [12, 21, 22].  So-called 
microcrystalline regions can contribute much more to the overall properties of an elastomer 
than would be predicted by applying a simple rule of mixtures model of hard particles 
embedded within a soft matrix. For example, Bukhina et al. compared the effect of a 5 % hard 
filler in an elastomer with the effect of 5 % crystallinity in an elastomer, and reported a 
dramatic difference in stiffness due to the presence of 5 % crystallinity but only a negligible 
effect due to the presence of 5 % of filler [23].  This strong effect is analogous to the large 
zyx
CH2
CH
CH
CH2
CH2
CH2
CH2
CH2
CH2
CH
C
N
increases in properties seen due to the presence of relatively small amounts of properly 
dispersed nanoscale fillers in elastomers [24, 25].  The microcrystalline regions produced by 
SIC in different elastomers are therefore assumed to either have a very large aspect ratio or 
that neighbouring crystals interact by impinging on each other [21, 26].  The presence of this 
microcrystallinity in elastomers may be rather difficult to detect analytically [27]; the 
threshold for detection of crystallinity by x-ray diffraction is ca. 5 %, but a number of other 
techniques and their practical limitations are summarized by Bukhina and Kurlyand [28].   
Since the performance of HNBR in a sealing application depends strongly on its mechanical 
properties [8], any changes due to microcrystallization during storage or service at low 
temperatures can strongly influence sealing performance.  Previous work on similar HNBR 
compounds has investigated the permanent changes that may occur during thermal ageing at 
high temperatures and pressures [10, 29].  However, the focus of this paper is the 
investigation of reversible, structural changes that may occur due to microcrystallization 
during low temperature exposure, but without any applied deformation.  This so-called cold 
crystallization could affect low temperature sealing in real applications by affecting properties 
such as compression set recovery [30-33] and rubber adhesion [34-37], as well as increased 
material stiffness and reduced strain to failure.  This paper will focus on the detection of 
microcrystallinity in a typical HNBR that occurs during low temperature storage without 
applied deformation, by using differential scanning calorimetry (DSC), dynamic mechanical 
thermal analysis (DMTA) and shore hardness testing.   
2. Experimental 
2.1. Materials 
The HNBR compound tested was produced for this study with 36 % ACN content and 96 % 
saturation.  No carbon black or other reinforcing filler was included in the compound 
considered in this work, and all tests were performed on cured HNBR.  More details on the 
HNBR and the curing conditions used to produce the materials described here are presented 
elsewhere [10, 29].  
2.2. Differential scanning calorimetry (DSC) 
DSC was performed using a Perkin Elmer DSC 8500, with samples of approximately 10 mg 
in closed aluminium pans.  The samples were each cooled from 20 °C to the target isothermal 
holding temperature (-50, -40, -30, -20, -10 or 0 °C) and held at that temperature for a defined 
time (between 1.5 and 96 hours).  After this isothermal holding time, the samples were further 
cooled down to -75 °C and then heated to 50 °C, all at 20 K /min.  The combinations of 
isothermal holding temperatures and holding times are shown in Table 1.  
Since the endothermic peaks seen in the results presented here generally coincide with the 
glass transition in the region around ca. -19 °C, measuring the peak area is not 
straightforward.  The peak enthalpies reported here are measured by calculating the peak area 
between -40 °C and 10 °C for specimens held at -40 °C to 0 °C, and between -35 °C and -10 
°C for the specimen held at -50 °C, since the reduced range used on the latter represents a 
more accurate measurement of peak area.  The areas were calculated by subtracting the DSC 
curve of the unexposed material from each of the DSC curves of the exposed materials.  This 
removes the step due to the thermal transition in the region of -19 °C and allows peak area 
calculation from an approximately flat baseline for each sample.   
 Table 1.  Combinations of isothermal holding time and temperatures investigated by DSC. 
 Isothermal Holding Time 
Isothermal 
Holding 
Temperature 
1.5h 3h 6h 12h 24h 48h 96h 
0 °C     X   
-10 °C     X   
-20 °C X X X X X X X 
-30 °C     X   
-40 °C  X X X X X  
-50 °C     X   
 
2.3. DMTA 
Dynamic mechanical thermal analysis (DMTA) was performed in a torsional oscillation 
mode, which has been described previously as a method to measure the shear modulus of 
polymers [38, 39].  Tests were performed using an Anton Paar MCR300 modular compact 
rheometer.  Specimens were prepared by stamping them from a sheet material to a geometry 
of approximately 10 mm × 2 mm × 50 mm, although the test gauge length for DMTA was 45 
mm. Two types of DMTA tests were performed: a temperature sweep to detect thermal 
transitions during heating and an isothermal hold to detect changes in stiffness due to 
exposure time.   
In the temperature sweep test, the specimens were held taut with a small static stress (70 Pa) 
and cyclically loaded in torsion at a strain amplitude of 0.01 % and a frequency of 10 Hz 
during a temperature sweep from -150 to +50 °C at a rate of 2 K.min-1.  The shear storage 
modulus (G') and shear loss modulus (G'') data were collected at 5 minute intervals 
In the isothermal holding test, the specimens were held taut with a small static stress (70 Pa) 
and cyclically loaded in torsion at a strain amplitude of 0.001 % and a frequency of 1 Hz 
during an isothermal hold at -20 °C.  The shear storage modulus (G') and shear loss modulus 
(G'') data were collected at 5 minute intervals over a period of approximately 8 hours, 
although not all data points are presented here.  The ratio of the shear loss and shear storage 
moduli (G''/G') is also presented as tan δ.  The maximum test duration was limited by the 
capacity of the liquid nitrogen container required to maintain the low temperature of the 
DMTA test chamber.   
2.4. Hardness Measurements at Low Temperatures 
Hardness measurements were performed at room temperature using a shore A and D hardness 
durometers, mounted in a test frame.  In addition, shore D hardness was measured at -25 °C 
by placing the entire testing frame in a top-opening cold chamber at a fixed temperature.  
Shore A was not measured at low temperature, as the samples exceeded the Shore A range at -
25 °C. The use of the top-opening cold chamber allows the operator to open the chamber and 
operate the test equipment without an exchange of air and so no increase in sample 
temperature.  The test assembly was allowed to stand in the cold chamber for 1 week prior to 
testing to ensure uniform temperature throughout the device.  Hardness tests were performed 
on 2 mm thick HNBR sheets, resting on the testing stand.  Standard hardness testing (for 
example as described in ISO 7619-1) requires a definite time interval between the contact of 
the indentor and determination of the hardness value.  When measuring hardness, the 
measured resistance of the material to the indentor decreases with time after indentation due 
to creep of the material.  Therefore, when hardness is reported, it is the hardness value at a 
particular time interval between indentation and measurement.  Longer test time intervals 
would result in lower hardness values.  In this work, an arbitrary time interval of 10 seconds 
was used between contact of the durometer on the material and recording of the hardness 
value.   
For low temperature hardness tests, 9 samples cut from a single original HNBR sheet were 
stored inside the cold chamber with the hardness testing assembly.  For each of these 9 
samples, 10 measurements were performed after storage at each of several time durations 
between 30 minutes and 10 days.  Since the sheets were stored in the same cold chamber as 
the hardness test assembly, the sheets could be moved to the test stand for hardness testing 
without any transient warming.  No attempt was made to measure any effects of the low 
temperature on the hardness measuring apparatus; instead the values are to be seen as 
comparative but not absolute.  It was also identified that during Shore D hardness testing, a 
compressive load is applied to the test surface to ensure that the test device has good contact 
with the test surface prior to indentation.  To achieve this, the flat 18 mm diameter pressure 
foot is pressed against the test surface with a load of ca. 49 N prior to the indentation with the 
1.25 mm diameter conical indentor.  This applies a local compressive stress of ca. 0.2 MPa to 
the surface surrounding the indentation point during testing.  No attempt was made to measure 
any compressive heating effects which may have occurred in the HNBR sheet due to this local 
compressive stress.   
The 2 mm thick sheets used are also thinner than recommended by ISO 7619-1 or ISO 3387 
since the hardness of thin test materials can be influenced by the hard platform below the 
specimen.  Since all specimens tested here have the same thickness, the change in hardness is 
expected to be relatively small and as described earlier, the hardness values reported are 
considered as relative and not absolute.  Therefore, any effects due to the hard platform 
underneath the specimens is ignored.   
Since the hardness of the HNBR sheets is directly related to the testing temperature, it must be 
ensured that the HNBR sheets reached a stable temperature before testing.  Preliminary 
studies performed with a thermocouple placed between two 2 mm thick HNBR sheets in the 
cold chamber showed that this double thickness (2x2 mm thick) HNBR sheet reached a core 
temperature of -23 °C after approximately 13 minutes of exposure on the testing stand.  To 
ensure a stable temperature for hardness testing, a minimum exposure time of 30 minutes was 
used before any hardness measurements were performed.   
3. Results and Discussion 
3.1. DSC - The effect of Isothermal Holding Temperature  
The DSC results of the HNBR before any isothermal holding and after 24 hours exposure at 
various isothermal holding temperatures in the DSC are shown in Figure 2.  The small broad 
hump following the step due to Tg may indicate some very small degree of crystallinity in the 
HNBR under ambient conditions [40]; however this small feature is not considered significant 
and will not be explored further.    
 
Figure 2.  DSC results of the HNBR after isothermally holding for 24 hours at different temperatures.  
Curves are shifted vertically for clarity. 
 
The phase transition of the untreated HNBR (i.e. before any isothermal holds) commonly 
referred to as the glass transition temperature (Tg) is clearly visible in Figure 2 as a step in the 
curve with a midpoint at approximately -19 °C.  This indicates approximately where the Tg 
occurs, although as with all polymers, the glass transition occurs over several degrees and the 
measured value is influenced by experimental parameters (such as heating rate) and cannot be 
defined at a single, discrete temperature [41].  Figure 2 shows that following an isothermal 
hold for 24 hours at 0 °C, there is no change in the shape of the DSC curve, suggesting no 
change in the morphology of the material is detected.  However, samples exposed to lower 
temperatures (-10 to -50 °C) for 24 hours show endotherms on reheating, suggesting the 
melting of some crystallinity induced during low temperature exposure in the DSC.  This 
effect is similar to that reported by Zorina et al. in ethylene-propylene elastomers [28, 42].  
The mid-point of the Tg of the HNBR (ca. -19 °C) is not a definite limiting temperature for 
the creation of crystallinity since some crystallinity is found after holding at as low as -50 °C 
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– well below the glass transition seen in the unexposed HNBR.  It is also clear that the 
temperature of this melting peak also changes with isothermal holding temperature.   
The enthalpies measured in these melting events also shows a relationship with the isothermal 
holding temperature, as shown in Figure 3.  No crystallinity was measured after isothermal 
holding for 24 hours at 0 °C, little measurable crystallinity after 24 hours at -50 °C, and a 
maximum peak enthalpy after holding for 24 hours at -20 °C.   
 
Figure 3.  Melting enthalpies measured after isothermally holding for 24 hours at different 
temperatures. 
 
 
3.2. DSC - The effect of Isothermal Holding Time 
The DSC results of samples of the HNBR after various isothermal holding times at selected 
holding temperatures of -20 °C or -40 °C are shown in Figure 4 and Figure 5 respectively.  It 
is clear that at both temperatures, the area under the peaks increases with isothermal holding 
time.  Also noticeable is a shift in the peak temperature with increasing holding time.  Figure 
6 and Figure 7 show the relationship between isothermal holding times and peak area and the 
relationship between isothermal holding times and peak temperature, respectively.  These 
graphs show that both the isothermal peak area and peak temperature closely follow a 
logarithmic trend, and shows that the rate of increase in peak area increases with increasing 
isothermal holding temperature.  Since crystalline melting temperature generally increases 
with crystal size and perfection [15, 26, 43, 44], this result suggests that crystals formed 
during storage at -20°C are larger and/or have fewer defects than those formed during storage 
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at -40°C.  The results also suggest that the effect slows with time, so the degree crystallinity 
appears to be approaching a saturation value with increasing isothermal holding time [45].  
For example, after 96 hours at -20 °C, the peak area was 3.35 J/g, and if the trend is followed, 
this would tend to ca. 4.4 J/g after 1 month or ca. 5.8 J/g after 1 year.  Of course, this assumes 
that the isothermal holding temperature is constant over this time, the degree of crystallization 
tends towards a saturated limit and material degradation effects (which are known to 
ultimately occur over time with HNBR) are ignored.   
 
Figure 4.  DSC results of the HNBR after isothermally holding at -20 °C for different holding times. 
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 Figure 5.  DSC results of the HNBR after isothermally holding at -40 °C for different holding times.  
Note the different scale of y-axis compared to Figure 4. 
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Figure 6.  The effect of isothermal holding time at -20 °C or -40 °C on the melting enthalpy measured 
in DSC.  R2 values describe the fit of the data to a logarithmic trendline. 
 
Figure 7.  The effect of isothermal holding time at -20 °C or -40 °C on the melting peak temperature 
measured in DSC.  R2 values describe the fit of the data to a logarithmic trendline. 
 
Assuming that this microcrystallinity is based on adjacent tetramethylene groups, and so is 
similar in nature to polyethylene crystals, the melting enthalpy of polyethylene crystals can be 
used to grossly estimate the degree of crystallinity present [1].  Using the melting enthalpy of 
polyethylene to be 293 J/g [46, 47], this would predict ca. 1.1 % crystallization after 96hours 
isothermal holding, or 1.5 % after 1 month.  If this crystallinity occurs exclusively in the 
tetramethylene groups as expected, the proportion of tetramethylene that is crystalline can be 
grossly estimated.  The HNBR used is compounded with ca. 33 wt% non-rubber additives, 
and from the remaining HNBR terpolymer part, ca. 36 wt% is ACN, ca. 62 w% is 
tetramethylene and ca. 2 wt% is butadiene [10].  Therefore ca. 42 wt% of the tested 
compound is expected to be tetramethylene, and so the estimates of crystallinity of the total 
mass equate to 2.7 wt% and 3.6 wt% of the total tetramethylene present after 96 hours and 1 
month respectively.  These estimates are small amounts of the total polymer present (for 
example, when compared to the degree of crystallization that may be achieved in natural 
rubber [15, 26]), but at <5 % they are similar to the estimates of crystallinity reported for 
other similar HNBR compounds by Obrecht et al.[1].  
3.3. DMTA – Temperature Scan to Identify sub-Tg Thermal Transitions 
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A DMTA measurement was performed on the HNBR from -150 °C up to 50 °C. This 
experiment was performed in order to look for transitions in the rubber material below the 
main glass transition. Cold crystallization was observed after exposure to temperatures well 
below Tg as shown in Figure 2.  Therefore, it is reasonable to assume that there must be some 
significant mobility in the polymer chains even below Tg.as the polymer chains must be able 
to move and reorganize for cold crystallization to take place. The results of the DMTA scan 
with shear storage modulus, G', shear loss modulus, G'', and tan δ are shown in Figure 8. 
When defining the Tg as the maximum of the tan δ peak, the Tg measured here is at -10 °C. 
This is higher than the Tg measured by DSC (with a mid-point of approximately -19 °C), 
although as described earlier, the measured glass transition temperature indicates a 
temperature region rather than a single discrete temperature [41].  The tan δ peak is dependent 
on the frequency used for the measurement; a further DMTA measurement was also 
conducted using a frequency of 0.1 Hz and the tan δ peak was found at -18 °C.  
 
Figure 8.  DMTA measurement of shear storage modulus (G'), shear loss modulus (G'') and tan delta.  
The arrows indicate the peaks in tan delta referred to in the text. 
 
Two small and wide peaks on the tan δ curve can also be observed at temperatures well below 
the maximum tan δ peak. These two peaks are found at around -65 and -123 °C, respectively. 
These two peaks and the fact that G' decreases continually from -150 °C up to -10 °C shows 
that the polymer chains (or segments of polymer chains) have significant mobility at 
temperatures below the main Tg. Obrecht et al. [1] measured the complex modulus at low 
temperatures on a HNBR rubber containing 38.5 wt% ACN. They found small peaks on the 
E'' curve at -130 and -75 °C, and they attributed the transition at -130 °C to movement in the 
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tetramethylene sequences in the HNBR molecule, while the transition at -75 °C was attributed 
movements in the ACN sequences.  These transitions reported by Obrecht et al. are probably 
of the same origin as those reported in this paper.  It is well known that the strain rate 
influences the temperature of thermal transitions in polymers, and while Obrecht et al. report 
a test frequency of 11 Hz (i.e. close to the 10 Hz used in the tests described in this paper), no 
strain amplitude parameters were presented.  Therefore, from the data presented, it is not 
possible to know if the differences in transition temperatures presented in this paper and those 
reported previously by Obrecht et al. are due to differences in the type of HNBR or merely 
differences in test methods used.   
3.4. DMTA – Isothermal Hold to Measure Changes in Shear Storage Modulus 
The change in shear storage modulus, G', with isothermal holding time at -20 °C is shown in 
Figure 9.  The results strongly follow a logarithmic trend (R2 = 0.993), although the first few 
points and last few points do deviate slightly from this trend.  Therefore, this trend may be an 
underestimate of the true behaviour over longer time scales.  The reason for this early 
deviation is not known, although may be an experimental artefact due to stabilisation of the 
temperature in the DMTA.  Although the results only show an exposure time up to 
approximately 8 hours, this is believed to capture a significant part of the change in material, 
since DSC results (see Figure 6) revealed that the change in material occurred rapidly at the 
start of the exposure, but then slowed over time.   
 
Figure 9.  Change in shear storage modulus (G') during isothermal holding at -20 °C. 
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The shear storage modulus, G', was also measured at room temperature before and after the 
low temperature exposure in the DMTA shown in Figure 9.  This modulus at room 
temperature (ca. 3.5MPa) was not significantly different before and after low temperature 
exposure, supporting the idea presented with the DSC data earlier that there is a progressive 
change in structure during the low temperature exposure, but this is reversible as the material 
returns to the initial stiffness when allowed to heat to room temperature.  
3.5. Hardness Testing 
The hardness at room temperature was measured to be 68.6 ±0.9 shore A and 23.8 ±0.6 shore 
D.  Since DSC results revealed that the crystallization which occurs during cold isothermal 
holding melts at sub-ambient temperatures, any attempt to measure changes in properties due 
to increased crystallinity must be performed while under the cold storage temperature.  
Preliminary testing (not presented here) revealed that attempts to cool down samples in a 
separate freezer and then move them to testing equipment did not show changes in properties 
compared to samples which had not been stored at low temperatures.  This is assumed to be 
due to increases in temperature during moving and handling of specimens allowing any cold 
crystallization to melt before testing.  Since hardness is directly related to the temperature of 
testing (especially in this case, since it is measured below the glass transition temperature of 
the rubber), the hardness values measured are much greater than those measured at room 
temperature.  Therefore, this difference in the values is not remarkable.  However, Figure 10 
shows the change in hardness during isothermal holding at -25 °C.  The shortest exposure 
time shown here is longer than the exposure time predicted earlier to achieve cooling (<10 
minutes).   
After cooling down, the initial hardness values are stable at ca. 60 until ca. 5 hours, but this 
increases to ca. 67 after 24 hours exposure.  There is significant scatter of hardness in the time 
interval between 1-5 hours exposure and 24 hours exposure.  However, between the initial 
values (i.e. after 1 hour of exposure) and after 24 hours exposure, there is a clear step change 
in hardness which appears to have an approximately constant value at later times (>24 hours).  
This general relationship appears to represent logistic growth, i.e. the relationship between 
hardness and exposure time follows a sigmoid curve with a low rate of change at the start of 
exposure, followed by a maximum rate of change of hardness in the middle of the curve, and 
a low rate of change after 24 hours.  This is typical of examples of cold crystallization 
hardness curves as shown in ISO 3387.  Since DSC and isothermal DMTA data showed an 
increasing degree of crystallinity up to at least 96 hours exposure with a decreasing rate of 
change, it can be clearly concluded that hardness testing is not a highly sensitive method to 
measure the incremental changes in morphology which are believed to be occurring here.  It 
should also be noted that the decreasing sensitivity of hardness testing with increasing 
hardness may contribute to these results.  However, after 24 hours exposure, the changes in 
morphology are large enough to yield a measurable change in hardness of these HNBR sheets.  
Multiple measurements at different time points on nine different samples showed that a 
definite and similar change in hardness was seen in all specimens.  Therefore, although 
hardness testing has not proved very sensitive in this work, it has the advantages of being 
quickly and easily performed on real parts in situ.  It should also be remembered that hardness 
testing may not reflect the bulk properties of the material, since the hardness measurement is a 
pseudo-surface measurement technique providing information about the stiffness and yielding 
behaviour of a limited depth of material near the surface.  It is assumed that any changes in 
morphology would occur at the surface first, since these experience the lowest temperatures 
during cooling and thus the longest exposure to low temperatures.  Since hardness values are 
often used to specify materials for a particular application, it is important to note that the 
small changes in properties measured using analytical equipment (e.g. DSC, DMTA) were 
also measurable as significant changes in hardness.   
 
 
Figure 10.  Change in hardness measured during isothermal holding at -25 °C. 
 
4. Conclusions 
Crystallization in a representative HNBR after exposure to low temperatures has been 
detected and reported here.  This crystallization is believed to be in the form of microcrystals 
which melt at sub-zero temperatures and are therefore not seen at room temperature.  
However, the presence of these microcrystals affects the mechanical properties.  Although 
DSC and DMTA recorded continuing changes in crystallinity and stiffness related to the 
exposure time, significant changes in hardness were also measured after just 24 hours 
exposure.    
The degree of crystallinity in the HNBR investigated here is predicted to be very low, but the 
impact of this crystallinity on the mechanical properties of the material is significant.  These 
structural changes may affect the other properties such as the sealing behaviour of a seal 
produced from this HNBR.  Therefore, this cold crystallization phenomenon is a relevant 
consideration in the use of HNBRs in arctic oil and gas production conditions in which 
storage temperatures of -80 °C and operating temperatures of -30 °C to 121 °C are typical.  
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While the crystallization is considered reversible because it disappears when the material is 
warmed up to 20 °C, the crystallization can be considered to be permanent if the application 
temperature is consistently low, for example in arctic conditions.  Similarly, while cold 
crystallization in the absence of applied deformation is considered here, it is possible that the 
degree of crystallization might be even greater if the material was exposed to low temperature 
in a deformed state.  It is important to consider such changes that may occur in a material due 
to the environment during use or storage, since these changes may affect the ability of the 
material to perform as required.   
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